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Optical  systems  used  in  the  infrared  (IR)  region  of  the 
electromagnetic  spectrum  often  contain  optical  elements  made  of  NaCl 
or  KC1.  Both  NaCl  and  KC1  are  particularly  transparent  in  the  IR 
region  of  the  spectrum.  Where  high  peak  powers  of  optical  energy  are 
used,  degradation  of  optical  components  can  be  a  problem.  This  report 
describes  a  technique  —  a  baking/cooling  process  —  that  was 
found  to  increase  the  optical  power  densities  that  NaCl  and  KC1  IR 
optical  elements  can  withstand. 


Recent  work  has  shown  that  what  was  previously  identified  as 
intrinsic  laser-induced  breakdown1 •  is  actually  caused  by  material 
defects.  It  has  been  shown  that  special  processing  during 

crystal  growth  can  significantly  increase  the  optical  strength  of  the 
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crystal.  '  ’  Manenkov  has  reported  that  rapid  temperature 
cycling  can  substantially  increase  the  laser-induced  breakdown 
thresholds  of  alkali-halide  crystals. 

This  work  reports  an  independent  confirmation  of  results  reported 
by  Manenkov3  and  provides  additional  details  of  a  treatment  used  to 
increase  the  optical  strength  of  NaCl  and  KC1.  Single-crystal 
specimens  were  heated  to  near-melt  temperatures  and  were  rapidly 
quenched.  The  laser  damage  breakdown  threshold  (LDBT)  of  these 
specimens  was  measured  before  and  after  heat  treatment,  using  a  pulsed 
laser  (9  ns,  full  width  at  half  maximum)  operating  at  1.06  Mm.  The 
threshold  intensity  for  laser-induced  damage  increased  by  up  to  a 
factor  of  4.6,  depending  on  the  previous  history  of  the  samples.  This 
heat  treatment  improved  the  bulk  optical  strength  of  the  specimens  but 
destroyed  the  optical  surfaces. 

A  study  of  lower  temperature  cycling  was  performed  so  that  its 
effect  on  bulk  and  surface  LDBTs  could  be  observed.  A  change  in  the 
surface  damage  morphology  was  found  after  heat  treatment  for  both 
cleaved  and  polished  surfaces.  The  LDBT  of  the  cleaved  surfaces 
showed  significant  improvement  after  low  temperature  cycling. 
However,  the  LDBT  of  the  polished  surfaces  and  the  crystal  bulk  were 
essentially  unaffected. 


BACKGROUND 

3 

Previous  work  Investigated  electron  avalanche  as  a  laser  damage 
mechanism  in  alkali  halides.  Manenkov3  found  that  suitable  thermal 
treatment  of  samples  having  an  initially  low  laser  damage  threshold 
could  greatly  increase  the  laser  damage  threshold.  This  study 
examined  the  frequency  dependence  and  temperature  dependence  of  laser 
damage  thresholds  of  alkali  halides.  Manenkov *s  result  was  found  to 
hold  true  at  all  the  wavelengths  under  study  (0.69  to  10.6  pm)  except 
at  10.6  pm.  Further,  samples  with  a  high  initial  laser  damage 
threshold  were  unaffected  by  heat  treatment.  Only  heat-treated 
samples  which  were  rapidly  cooled  showed  improvement.  After  repeating 
the  heat  treatment  process,  but  allowing  a  longer  cooling  period,  the 
samples  reverted  to  their  original  low  laser  damage  threshold. 


S.  D.  Allen  and  others.  "Pulsed  C02  Laser  Damage  Studies  in 
RAP  Grown  KC1,"  in  Laser  Induced  Damage  in  Optical  Materials:  1974, 
ed.  by  A.  J.  Glass  and  A.  H.  Guenther.  National  Bureau  of  Standards 
S pedal  Publication  414.  Washington,  DC,  Government  Printing  Office, 
1974.  Pp.  66-76. 
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A  more  comprehensive V>  investigation  of  the  heat  treatment 
processes  was  needed  to  determine  critical  features  of  the  annealing 
process  and  to  better  define  the  physical  mechanisms  involved.  This 
experiment  explored  several  cooling  rates  associated  with  near-melt 
temperatures . 


HEAT  TREATMENT 


Samples  used  in  the  study  were  of  single-crystal  "laser  grade” 
and  ”spectroscoplc  grade"  NaCl  and  KC1  from  Harshaw  Chemical 
Company.*  The  samples  were  mounted  for  heat  treatment  as  follows. 
Samples  of  two  different  sizes,  2.0  x  2.0  x  2.0  cm3  and 
2.5  x  2.5  x  5.1  cm3,  were  placed  in  a  quartz  tube  oven  with  an 
internal  diameter  of  approximately  3.6  cm.  In  some  cases,  this 
necessitated  grinding  the  corners  of  the  sample  to  allow  Insertion 
into  the  tube.  In  such  cases,  the  diagonals  were  reduced  to  3.3  cm. 
The  samples  contacted  the  tube  directly.  Temperatures  were 

continuously  monitored  by  a  thermocouple  mounted  in  a  0.05-cm-wide  by 
0.5-cm-deep  hole  drilled  into  one  face  of  each  sample.  Specimens  were 
continuously  flushed  with  dry  nitrogen  gas  in  order  to  maintain  an 
inert  ambient  atmosphere  during  the  heat  treatment.  A  small  flow  rate 
of  0.05  1/min  was  maintained  to  reduce  heat  loss. 

In  general,  specimens  were  slowly  heated  and  rapidly  cooled.  A 
typical  heating  and  quenching  cycle  can  be  seen  in  Figure  1.  Here  the 
total  heating  and  cooling  cycle  time  was  about  3.5  hr.  Other  cycling 
rates  were  Investigated.  In  some  cases,  total  cooling  rates  as  high 
as  80*C/mln  were  used  with  positive  results.  After  the  3.5-hr 
treatment,  represented  by  Figure  1,  the  LDBT  was  found  to  Increase  by 
a  factor  of  4.6.  Comparable  increases  were  found  in  other  cases  where 
the  cycling  time  was  on  the  order  of  30  min.  The  cycling  rate  was 
limited  by  the  development  of  thermal  stress,  which  became  evident  at 
rates  >  30°C/min.  In  all  treated  samples,  stress  zones  could  be  seen 
by  the  use  of  crossed  polarizers.  No  stress  was  found  in  untreated 
samples . 

Cooling  was  accomplished  by  several  methods.  In  one  case,  the 
oven  was  turned  off  and  the  sample  was  allowed  to  cool  to  room 
temperature  in  a  period  of  about  2  hr.  In  other  cases,  the  quartz 
tube  was  either  partially  or  completely  removed  from  the  oven.  In 
some  cases,  the  sample  was  quickly  removed  from  the  center  of  the  oven 
and  placed  in  a  room-temperature  part  of  the  quartz  outside  the  oven. 
The  sample  was  then  placed  on  a  1-kg  block  of  aluminum  at  room 


*  Harshaw  Chemical  Company,  6801  Cochran  Road,  Solon,  OH  44139. 
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temperature.  This  procedure  produced  a  cooling  rate  of  approximately 
80°C/min.  However,  such  rapid  cooling  techniques  often  produce 
fracturing  of  the  sample. 


120  140 

TIME,  MINUTES 


FIGURE  1.  Temperature  Versus  Time  of 
Single-Crystal  NaCl.  The  specimen  was 
heated  in  a  nitrogen  atmosphere.  It  was 
brought  up  to  35°C  for  10  min,  taken  to 
80®C  for  187  min,  and  heated  as  shown  in 
the  curve  above. 


Cooling  rates  from  10#C/min  to  80°C/min  were  investigated.  A 
NaCl  sample  was  cleaved  into  three  pieces,  and  the  LDBT  was  measured 
on  each.  One  of  the  pieces  was  kept  as  a  control  sample,  while  the 
other  two  were  put  through  the  temperature  cycle  as  follows.  After 
the  two  samples  were  brought  to  796°C  at  a  rate  of  approximately 
14®C/min  and  held  there  for  10  min,  the  oven  was  turned  off  and  one 
sample  was  immediately  removed  from  the  oven.  That  sample  reached 
room  temperature  within  10  min  at  a  rate  of  approximately  80°C/min; 
the  other  sample  required  2  hr  at  a  rate  of  approximately  10°C/min. 
The  samples  were  repolished  and  their  LDBT  remeasured.  It  was  found 
tnat  the  slow-quenched  sample  had  an  increase  in  the  LDBT  of  1.4, 
while  the  quick-quenched  sample  had  a  LDBT  increase  of  4.1. 

The  above  procedure  was  repeated  for  intermediate  cooling  rates 
of  30'C/min  and  40*C/min.  The  improvement  in  bulk  LDBT  increased 
linearly  with  cooling  rate  for  rates  up  to  40*C/min  and  thereafter 
remained  constant.  The  results  of  the  cooling  rate  study  for  samples 
brought  to  near-melt  temperature  are  summarized  in  Figure  2. 
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FIGURE  2.  Graph  of  Cooling  Rate 
Versus  Relative  Improvement  In  the 
LDBT  for  Samples  Brought  to  Near  Melt. 
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Also  studied  was  the  effect  of  cycling  NaCl  from  room  temperature 
to  a  maximum  temperature  of  450°C.  This  temperature  was  chosen 
because  it  has  been  shorn  that  annealing  at  4S0°C  effectively  removes 
color  centers.8  The  lower  temperature  is  desirable  for  several 
reasons.  First,  for  near-melt  temperatures,  the  surfaces  of  the 
samples  are  sublimed,  which  substantially  degrades  the  surface  optical 
quality.  Second,  the  extreme  temperature  variation  produces  thermal 
stress,  which  could  be  greatly  reduced  by  lowering  the  cooling  rates 
associated  with  high  maximum  temperature. 

The  LDBT  was  measured  before  and  after  this  lower  temperature 
cycling,  and  LDBT  Increases  of  up  to  1.3  were  measured  in  the  bulk. 
In  this  study,  heat  rates  of  7°C/min  and  cooling  rates  of 
approximately  40°C/min  were  used,  and  samples  were  held  at  450°C  for 
approximately  20  min.  The  lack  of  substantial  change  in  the  LDBT 
suggests  that  removal  of  color  centers  is  not  associated  with  the 
previously  referenced  annealing  process. 

The  LDBT  for  front  (entrance)  surfaces  was  also  compared  before 
and  after  annealing  through  the  low  temperature  cycle  (450°C 
maximum).  The  LDBT  of  the  cleaved  surfaces  was  increased  by  as  much 
as  a  factor  of  four,  and  the  damage  morphology  was  influenced  by  the 
heat  treatment.  The  front-surface  damage  morphology  for  untreated, 
cleaved  NaCl  is  seen  in  Figure  3.  Photographs  were  taken  through  a 


8  T.  H.  Shulman  and  W.  D.  Compton. 
New  York,  Macmillan  &  Co.,  1962. 
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Nomarskl  phase  contrast  microscope.  Damage  Is  predominantly  In  the 
form  of  fracturing  (from  near  surface  to  bulk).  Damage  on  the  same 
sample  after  treatment  is  shown  in  Figure  4;  LDBT  is  four  Claes 
greater.  The  damage  is  primarily  a  plasma-produced  pit,  with  a 
circular  plasma-etched  region  about  the  central  pit.  All  samples  were 
tested  in  air,  and  the  induced  plasma  was  probably  responsible  for  the 
degree  of  plasma  etching  evidenced. 

In  Figure  5,  the  damage  morphology  for  polished,  untreated  NaCl 
is  seen  to  be  a  combination  of  plasma  pitting,  plasma  etching,  and 
fracturing  (at  or  near  the  surface).  Contrasted  in  Figure  6  is  the 
same  sample  after  heat  treatment,  where  the  damage  is  typically  a 
plasma-produced  pit  surrounded  by  a  plasma-etched  disk.  The  same 
sample  can  be  seen  in  Figure  7.  In  this  photo  (Figure  7),  the 
polarizing  prisms  are  adjusted  for  maximum  contrast  to  view  the 
plasma-etched  disks.  In  all  other  photographs,  the  polarizing  prisms 
are  rotated  for  maximum  resolution  of  surface  detail.  No  change  in 
the  LDBT  was  found  in  the  polished  samples.  Cooling  rates  of  up  to 
40°C/min  were  investigated  for  surface  work,  compared  with  up  to 
80®C/min  used  for  the  bulk. 
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FIGURE  3.  Laser  Damage  at  1.06  pm 
on  an  Untreated,  Cleaved  NaCl  Sur¬ 
face.  Micrograph  taken  through 
Nomarskl  microscope  with  prism 
adjusted  for  maximum  surface  detail. 
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FIGURE  4.  Laser  Damage  at  1.06  pm 
on  Same  Surface  Shown  in  Figure  3 
After  Heat  Treatment.  Note  the 
marked  change  in  damage  morphology. 
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FIGURE  5.  Laser  Damage  at  1.06  Mm 
on  a  Polished,  Untreated  NaCl  Sur¬ 
face  (Sample  Number  8,  Table  III). 
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FIGURE  6.  Laser  Damage  at  1.06  Mm 
on  Same  Surface  Shown  in  Figure  5 
After  Heat  Treatment.  Note  the 
marked  change  in  damage  morphology. 
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FIGURE  7.  Laser  Damage  at  1.06  urn 
on  Same  Surface  Shown  in  Figure  6 
with  Nomarski  Polarizing  Prisms 
Adjusted  to  Maximum  Contrast  to 
Show  the  Plasma-Etched  Region. 
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Measurements  made  using  newly  acquired  NaCl  and  KC1  from  Harshaw 
have  provided  a  new  insight  into  the  bulk  LDBT.  These  materials  were 
chosen  because  they  have  lower  metallic-ion  contamination.  They  also 
have  a  lower  absorption  for  10.6-pm  radiation,  attributed  to  the  lower 
metallic-ion  contamination.  Quantitative  information  on  the  decreased 
metallic-ion  contamination  is  unavailable  due  to  proprietary 
considerations.  The  new  samples  were  tested,  and  their  bulk  LDBT  was 
found  to  be  as  high  as  that  of  conventional  samples  that  have  gone 
through  the  heat  treatment  process.  The  new  samples  were  put  through 
the  treatment  process  and  retested;  there  was  no  change  in  the  bulk 
LDBT. 


Manenkov  speculates  that  for  samples  brought  to  near-melt 
temperatures  and  rapidly  quenched,  the  precipitation  of  impurity 
clusters  may  be  retarded.  This  theory  was  supported  by  the  study  of  new 
samples  containing  a  lower  concentration  of  metallic  impurities. 

For  cleaved  samples  undergoing  low  temperature  annealing,  the 
improvement  in  the  LDBT  may  be  a  result  of  removal  of  surface-occluded 
water  in  combination  with  healing  of  microcracks.  No  increase  in  the 
LDBT  was  found  for  polished  surfaces.  Laser-induced  damage  in  polished 
surfaces  likely  is  due  to  absorption  by  residual  polishing  material 
embedded  in  the  surface.  The  heat  treatment  described  above  is  probably 
ineffective  in  removing  such  contaminants. 


LASER-INDUCED  DAMAGE  MEASUREMENTS 


The  bulk  laser-induced  damage  threshold  of  the  specimens  was 
measured  before  and  after  heat  treatment.  The  laser  used  in  this  work 
was  a  Nd:YAG  laser  operating  at  1.06  pm  with  a  pulse  width  of  9  ns 
FWHM.  The  laser  was  constrained  to  operate  in  the  TEMqq  spatial  mode 
by  an  Intracavity  aperture.  The  laser  beam  was  focused  onto  the 
specimen  by  a  162-mm-focal -length  BK-7  glass  lens  used  at  f/37.  The 
beam  radius  to  the  l/ez  point  in  the  Intensity  profile  at  the  lens  focus 
was  calculated  to  be  26  urn  using  linear  Gaussian  optics. 

A  schematic  of  the  laser  damage  test  station  is  shown  in  Figure  8. 
The  station  consists  of  the  Nd:YAG  laser  with  its  output  sent  to  turning 
mirror  Mi .  From  Mi  the  laser  pulse  is  sent  to  M2,  which  is  a  dielectric 
turning  mirror  used  as  a  beam  combiner  for  a  HeNe  laser.  From  M2  the 
Nd:YAG  and  the  HeNe  laser  are  made  coaxial  for  alignment  and  spotting 
downstream.  Approximately  4  percent  of  the  NdsYAG  laser  pulse  is 
transmitted  through  M2  and  is  sampled  by  a  Laser  Precision  detector 
Model  3232,  Di .  This  detector  is  calibrated  against  a  Scientech 
pyroelectric  detector  Model  362,  D2.  The  samples  are  removed  and 
replaced  with  the  Scientech  during  calibration. 
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FIGURE  8.  Schematic  Diagram  of  the  Laser 
Damage  Test  Station.  Included  are  the 
Nd:YAG  laser,  the  coaxial  HeNe  spotting 
laser,  attenuation  section,  and  sample 
test  site.  Detectors  Dt  and  Dg  measure 
pulsed  energy  and  calibration,  respectively. 
Fast  photodiodes  D3  and  D4  monitor  the 
entrance  and  exit  pulse,  respectively,  to 
the  sample. 


Energy  attenuation  is  accomplished  by  two  means.  First,  a 
Glan-Thompson  polarizer-analyzer  arrangement  is  used.  In  Figure  8,  Pi 
acis  as  the  rotatable  polarizer  and  P2  acts  as  the  stationary  analyzer. 
P2  is  fixed  to  maintain  a  constant  polarization  output  throughout  the 
experiment.  Second,  thin  film  fixed  attenuators  are  used  at  A).  A 
162-mm  focal  length  lens,  Lj,  was  employed.  Gross  damage  and  flash  were 
monitored  during  the  experiment  by  observation  through  microscope  T. 
Post-experiment  observation  was  performed  on  a  Nomarski  phase  contrast 
ml  cr os cope. 

The  transmitted  pulses  were  viewed  by  a  fast  photodiode,  D3,  and 
compared  with  a  second  fast  photodiode,  Dt, .  Both  photodiodes  have  rise 
times  of  <  1  ns. 

The  laser  damage  threshold  was  taken  to  be  that  power  level  which 
produced  damage  at  50  percent  of  the  sites  irradiated.  This  was 
calculated  using  an  algorithm  developed  by  Porteus.9  A  graphical 
representation  of  this  method  is  shown  in  Figure  9.  Each  site  was 


J.O.  Porteus,  J.  L.  Jernlgan,  and  W.  N.  Faith.  "Multlthreshold 
Measurement  and  Analysis  of  Pulsed  Laser  Damage  on  Optical  Surfaces,'*  in 
Laser  Induced  Das>age  in  Optical  Materials:  1977,  ed.  by  A.  J.  Glass  and 
A.  H.  Guenther.  National  Bureau  of  Standards  Special  Publication  509. 
Washington,  DC,  Government  Printing  Office,  1977.  Pp.  507-515. 
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AXIAL  FLUENCE 


FIGURE  9.  Graphic  Representation  of  the 
Algorithm  Used  to  Calculate  the  50  Percent 
Threshold.  A  value  of  1.0  Indicates  a 
a  point  that  damaged  at  a  given  fluence; 

0  indicates  no  damage  at  a  given  fluence. 


irradiated  only  once,  and  care  was  taken  to  avoid  any  visible  defects  in 
the  crystal.  It  is  emphasized  that  only  damage  sites  that  exhibited  the 
type  failure  that  had  previously  been  regarded  as  intrinsic1,2  were 
included  in  the  threshold  determination.  These  were  sites  that  failed 
at  the  focal  plane  of  the  lens,  at  the  peak  of  the  pulse  near  threshold, 
and  resulted  in  abrupt  truncation  of  the  pulse  transmitted  through  the 
specimen. 

Truncation  of  the  transmitted  pulse  was  monitored  by  the  fast 
photodiodes,  D3  and  D4 ,  shown  in  Figure  8.  Similar  photographs  captured 
on  two  Tektronix  transient  waveform  digitizers  can  be  seen  in  Figures  10 
through  13.  Figures  10  and  11  show  the  same  pulse  before  entering  and 
after  leaving  the  sample,  respectively.  Truncation  is  evidenced  in  the 
output  pulse  with  the  input  pulse  near  the  damage  threshold.  Input  and 
transmitted  pulses  are  normalized  to  the  same  level.  Figures  12  and  13 
show  the  same  pulse  before  entering  and  after  leaving  the  sample, 
respectively.  Figure  13  shows  a  more  severe  truncation  than  Figure  11 
because  a  visible,  absorbing  plasma  was  produced  within  the  sample. 

The  data  from  these  measurements  are  sunsnarized  in  Tables  1  through 
3.  The  power  values  given  are  calculated  from  the  measured  energy  and 
pulse  width.  The  intensities  listed  are  the  peak  on-axis  intensities 
calculated  using  a  focal  radius  of  26  Mm;  the  electric  fields  are  the 
rms  electric  fields  corresponding  to  the  peak  on-axis  intensities.  The 
absolute  accuracy  of  the  data  is  estimated  to  be  120  percent  in  the 
intensity  based  on  uncertainty  in  the  (1)  absolute  energy  measurement, 
(2)  pulse  width,  and  (3)  determination  of  the  50  percent  threshold  from 
a  data  distribution  of  nonzero  width  (see  Figure  9). 
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FIGURE  10.  Typical  Graph  of  a  Noraalized  Laser  Pulse  Inci¬ 
dent  on  a  Sample.  Input  power  is  near  the  damage  threshold. 


FIGURE  11.  The  Same  Pulse  Shown  in  Figure  10  After  Leaving 
the  Sample  (Renormalised).  Truncation  after  the  initial 
rise  is  caused  by  laser  damage. 


OUTPUT  POWER  (NORMALIZED)  g-  ^  INPUT  POWER  (NORMALIZED) 
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(CUKE  12.  Typical  Graph  of  a  Noraalized  Laser  Pulse  Inci- 
!iit  on  a  Saaple.  Input  power  is  near  the  damage  threshold. 


FIGURE  13.  The  Same  Pulse  Shorn  In  Figure  12  Exiting  the 
Saaple.  The  output  pulse  is  renormalized  to  the  input 
pulse.  Truncation  is  severe  due  to  visible  plasas. 


14 


1 


c 

0) 

e 

■u 

<a 

0J 

kx 

H 


ca 

QJ 

SC 


(U  Q) 

4J  U 


c 

0) 

o 

u 

<u 

a 

m 

+i 

xj 

e 

tTJ 


c 

<u 

e 

u 

<a 

a) 

kx 


aj 

u 

o 

4h 

0) 

x> 


NWC  TP  6464 


15 


41 

c 

V  4)  H 
>  E  S3 
1-*  S  q 

H 

vO 

*4’ 

*4 

>4 

41  >  t-J 

» 

• 

• 

ca  o 

H  k  C 

*4 

*4 

CM 

rH 

oj  a  *h 
oes  e 

ij 

cm 

cm 

cm  m 

CM  »4 

CM  CO 

e 

o  o 

O  O 

o  o 

o  o 

O  O 

•  • 

•  • 

•  ■ 

o  U 

o  o 

o  o 

o  o 

o  o 

O  O 

ra> 

w 

o 

+1  +1 

+1  +1 

41  41 

41  +| 

41  41 

co  r*. 

co  c- 

CM  O 

CO  O 

co  m 

rH 

rH  CM 

rH  CM 

rH  CM 

rH  CM 

rH  f-H 

m 

CM 

§ 

CM  \C 

CM  *-h 

cm  <r 

CM  O 

CM  00 

O  rH 

o  o 

O  *H 

O  rH 

o”o 

•o  ^ 

0Q 

M  <n 

+1  +1 

+1  41 

41  41 

41  41 

41  41 

O  O 

m  o 

co  m 

o 

r**  co 

O 

•  • 

•  • 

•  • 

•  • 

rH 

on 

xs  o 

\C 

kO  so 

vO  ON 

CM 

CO 

CM 

rH 

'O 

sD 

m 

o 

CO  rH 

CM  rH 

CM  rH 

CO  rH 

co  m 

«  _ 

cq5 

pu 

41  41 

41  41 

41  41 

4i  41 

41  41 

■4  m 

oo  m 

VO  o 

O  00 

O  00 

O 

M3  »H 

vO  3> 

f-*.  \C 

r-»  On 

CO 

CO 

CM 

rH 

00 

e  *  e 

•H  QJ  -H 

H  u  E 

O 

O 

O 

O 

o 

O  «  v 
OkU 

a  o 

00 

*4 

*4 

CO 

rH 

*j 

c 

oj 

0J 

0) 

0J 

OJ 

0) 

kx  H 

kX  k< 

kX  kx 

u  u 

u  u 

*•»  e 

O  0) 

O  01 

O  0) 

O  QJ 

O  0 i 

ca  4J 

M-J  4J 

IM  4» 

«M  41 

lM  4J 

IM  4) 

qj  ca 

0)  CM 

0)  Mm 

QJ  »M 

01  IM 

01  IM 

SC  0) 

to  < 

S3  < 

S3  < 

S3  < 

S3  < 

4» 

QJ  kx 
rH  QJ 

rH 

CM 

CO 

•4 

m 

co  e 

Q) 

JC 


C 

0) 

u 

kx 

qj 

a 

o 

«n 


cu 

w> 

<a 

E 

«a 

•3 

13 

o> 

u 

3 

T3 

o 

kx 

a 

jC 

u 

*5 

U 

S 

R 

kx 

qj 

CO 

«a 


<u 

JC 


0) 

J3 


0) 

3 

•H 

-3 

ea 

kx 

CM 

qj 


E 


v£> 

CM 


{ 0 
3 

*H 

is 

«a 

kx 


ca 

o 

o 

lM 

co 

u 


a 

o 

u 

ca 

QJ 

c 


CJ 

JC 


00 

c 


CO 

3 


*3 

QJ 


«a 

rH 

3 


X 

qj 

•o 

c 


0) 

JC 


0) 

kl 

0> 

JC 

5 


d 


w 


00 

c 


CO 

3 


« 


OC 

C 

•H 

"O 

c 

o 

a 

CO 

o> 


U 

kH 

0 

rH 

u 

u 

«a 

o 

u 

3 

*3 

0) 

*3 

C 

41 

rH 

*H 

•H 

QJ 

IM 

CO 

•H 

QJ 

c 

lM 

13 

QJ 

41 

U 

kx 

c 

•H 

•H 

U 

s 

41 

o 

CO 

o 

a 

tH  • 

3 

• 

X  ^ 

rH 

*3  CO 

ca  >v 

0J 

rH  0J 

1  4» 

0  4J 

C  *H 

CO 

J3  *H 

O  CO 

E 

to  CO 

3 

c 

a 

K  QJ 

• 

Vx  *0 

ca  4» 

QJ  C 

gs 

0J  C 

Ph  *H 

J=  0 
H  *H 

ca 

4J 

O  *H 

rO  QJ 

t)  o 

*3 

x: 

ea 

ca 

4J 

kx 

u 

IM 

u 

lM 

3 

•H 

O 

kx 

’  ■  fm  • 

^£1^. 


TABLE  3.  Laser- Induced  Damage  Threshold  Before  and  After  Heat 
Treatment  for  Polished  Surfaces  at  450°C 
Maximum  Temperature. 


The  relative  uncertainties  In  the  thresholds  were  13  percent  before 


treatment 

and  15  percent 

after  treatment. 

Sample 

Heat 

PB,a 

l B.3  2 

103  W/cia 

eB/* 

number 

treatment 

kW 

10  V/cm 

8 

Before 

54  ±  3 

5.1  1  0.1 

1.1  1  0.01 

8 

After 

58  t  3 

5.1  l  0.1 

1.1  1  0.01 

Threshold  power  defined  to  be  the  laser  power  which  produced 
damage  at  30  percent  of  the  Irradiated  sites. 


Peak  on-axis  intensity  calculated  using  the  linear  optics 
focal  radius  of  26  vm  (1/e2  radius  of  the  intensity). 

°  The  rms  electric  field  corresponding  to  IB  using  EB  » 
19.4l/lB/N,  where  N  is  the  index  of  refraction. 
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Table  1  shows  data  on  sample  numbers  1  through  5  taken  to  near-melt 
temperatures.  Also  shown  are  the  several  cooling  rates  explored  and  the 
relative  Improvement  £or  each  sample.  Table  2  shows  data  on  cleaved 
sample  numbers  6  and  7  brought  to  450SC  and  cooled  at  a  rate  of 
40aC/mln.  The  relative  improvement  in  LDBT  for  the  bulk  and  for  the 
cleaved  surface  is  also  shown.  In  Table  3  data  are  given  for  sample 
number  8.  The  sample  was  brought  to  450ttC  and  cooled  at  a  rate  of 
40°C/min.  The  LDBT  for  the  polished  surface  exhibited  no  improvement. 
In  the  case  of  polished  samples,  a  change  in  the  damage  morphology  was 
seen  (see  Figures  4  through  6). 


SUMMARY  AND  DISCUSSION 


The  laser-induced  damage  threshold  of  single-crystal  NaCl  can  be 
increased  by  rapidly  cooling  a  crystal  heated  to  near  melt  (796*C)  at  a 
rate  of  40°C/min.  The  reasons  for  this  Improvement  are  not  known. 
Manenkov3  has  speculated  that  rapid  quenching  of  samples  heated  to  near 
melting  prevents  the  precipitation  of  clusters  of  impurities  which  may 
act  as  initiation  sites  for  electron  breakdown.  The  results  reported 
here  for  the  samples  with  lower  metallic  impurity  concentration  are 
consistent  with  Manenkov 's  explanation.  Untreated  samples  of  lower 
metallic-ion  concentrations  were  found  to  have  a  LDBT  approximately 
equal  to  that  of  the  treated  conventional  specimens.  These  samples  have 
shown  no  change  in  their  LDBT  upon  heat  treatment. 
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